Background {#Sec1}
==========

Vegetable oil has an important role in our food and is the essential component of human health. Global demand for vegetable oils is growing and estimated to reach 240 million tons by 2050 \[[@CR1]\]. In Asian countries, sesame seeds as a source of health food have been used for disease prevention for several thousand years. It was reported that sesame contains such compounds that benefit to human health, which include antioxidant, anticancer, antiaging, cholesterol lowering, antihypertensive and antimutagenic properties \[[@CR2]\]. Sesame oil contains the most abundant fatty acids i.e. linoleic, palmitic, and stearic acids, which together comprised about 96% of the total fatty acids \[[@CR3]\]. The demand for edible oil is increasing gradually with the increase of world population, therefore, cultivation of oil seed crops is expending all over the world \[[@CR4]\]. However, efforts are needed to increase the production of vegetable oils by environmental friendly and cost-effective measures. Sustainable measures are being explored to improve the quality and quantity of edible oil for human consumption because excessive utilization of chemical fertilizers has adverse effects on environment and is one of the major causes of soil and water pollution. Biofertilizers supplied in combination with chemical fertilizers could minimize the aforementioned problems \[[@CR5], [@CR6]\]. Biofertilizers mainly include those microorganisms which have capability to fix atmospheric nitrogen, release plant growth promoting substances and solubilize rock phosphates etc. These microorganisms include fungi such as Arbuscular Mychorrhizal (AM) and bacteria like plant growth-promoting rhizobacteria (PGPR). These microorganisms promote plant growth and yield independently as well as synergizing the effect of each other.

The utilization of PGPR as biofertilizers is increasingly being reported as a way of complementing conventional inputs in agricultural systems \[[@CR7]\].

The PGPR are present naturally in the soil and improve plant growth, immunity and productivity \[[@CR8]\]. Shakeri et al. \[[@CR9]\] and El-Habbasha et al. \[[@CR10]\] reported that application of PGPR in combination with half and quarter dose of chemical fertilizers resulted in improved agronomic attributes, yield and yield components as well as seed and protein contents of sesame over the other treatments and uninoculated plants \[[@CR11]\]. They further reported that PGPR treatment increased oleic acid contents by reducing the palmitic and stearic acid contents. Similarly, previous studies reported that application of PGPR improved leaf area index, dry matter, harvest index, yield and yield components, seed oil contents and protein contents in canola and sesame \[[@CR12], [@CR13]\]. Thus, PGPR are ideal bioinoculants for increasing the yield as well as quality of edible crops. The diversity in rhizobacteria due to genetic drift mediated by continuous changing climate has necessitated the evaluation of new strains on different cultivars and environmental conditions.

Sesame is one of the important industrial crops and its oil is rich in nutrition. The present investigation was aimed to augment the growth, yield and oil quality of sesame (*Sesamum indicum* L.) with the perspective to edible oil production by the application of *Azospirillum* and *Azotobacter* to minimize the use of nitrogen and phosphate fertilizers for green and sustainable agriculture.

Results {#Sec2}
=======

The soil analysis of the field was also carried out and shown in the Table [1](#Tab1){ref-type="table"}. Table 1Soil analysisPhysicochemical properties20122013Soil TextureSandy clay loamSandy clay loamE.C (dSm^−1^)0.330.36pH7.427.31Total nitrogen (%)0.0430.047Soil Organic matter (%)0.690.71Available phosphorous3.463.40Ca^2+^10.3111.17K^+^17.1520.30Mg^2+^2.492.90Na^+^7.717.80Fe^2+^3.253.57Cu^2+^0. 500.53Zn^2+^2.342.39Co^2+^0.0750.078

As there were not significant variations in the data of both years, therefore, data was pooled together (Additional file [1](#MOESM1){ref-type="media"}: Table S1).

Effect of *A. lipoferum, A. vinelandii* and NP fertilizers on leaf chlorophyll and protein contents, plant height and no. of branches plant^− 1^ {#Sec3}
------------------------------------------------------------------------------------------------------------------------------------------------

All the treatments resulted in increase in leaf chlorophyll and protein contents as compared to the control (Fig. [1](#Fig1){ref-type="fig"}a and b). However, maximum increase (309%) in leaf chlorophyll content was recorded in *A. lipoferum* + half dose of NP fertilizer treatment (ALCF) followed by single application of *A. lipoferum* (190%). Maximum leaf soluble protein content (253%) was recorded by ALCF treatment and rest of the treatments showed similar increase of 138% over the control (Fig. [1](#Fig1){ref-type="fig"}b). Fig. 1Effect of *Azospirillum lipoferum*, *Azotobacter vinelandii* and NP fertilizers on (**a**) leaf chlorophyll contents, **b** leaf protein contents, **c** plant height and (**d**) no. of branches plant^− 1^ in Sesame. Means with at least one common letter are not significantly different at the *P* \< 0.05. LSD values for leaf chlorophyll contents (0.1770); leaf protein contents (0.0927); plant height (2.0643) and no. of branches plant^− 1^ (0.4369). Detail of treatments as described below. C, Control; CFH, half dose of NP fertilizers; AL, *Azospirillum lipoferum*; AV, *Azotobacter vinelandii; ALCF, azospirillum lipoferum* + half dose of NP fertilizers; AVCF, *Azotobacter vinelandii* + half dose of NP fertilizers

Significant increase in plant height and number of branches plant^− 1^ was recorded by all the treatments. However, maximum increase (60%) in plant height was resulted by ALCF treatment followed by AVCF treatment (*A. vinelandii* + half dose of chemical fertilizer) as compared to that of control (Fig. [1](#Fig1){ref-type="fig"}c). Application of ALCF treatment resulted in maximum improvement (120%) in number of branches plant^− 1^ followed by AVCF treatment (Fig. [1](#Fig1){ref-type="fig"}d). Other treatments also showed substantial increase over the control.

Effect of *A. lipoferum, A. vinelandii* and NP fertilizers on number of capsule branch^− 1^, seed yield and seed oil contents {#Sec4}
-----------------------------------------------------------------------------------------------------------------------------

Figure [2](#Fig2){ref-type="fig"}a showed that application of the different treatments increased the number of capsules branch^− 1^, however, maximum increment (108%) was recorded by ALCF treatment over the control (Fig. [2](#Fig2){ref-type="fig"}a). Rest of the treatments also showed considerable amount of increase as compared to the control. Fig. 2Effect of *Azospirillum lipoferum*, *Azotobacter vinelandii* and NP fertilizers on (**a**) no. of capsules branch^− 1^, **b** seed yield and (**c**) seed oil contents in Sesame. Means with at least one common letter are not significantly different at the *P* \< 0.05. LSD values for no. of capsules branch^− 1^ (2.3678); seed yield (54.242) and seed oil contents (1.7676). Detail of treatments as described below. C, Control; CFH, half dose of NP fertilizers; AL, *Azospirillum lipoferum*; AV, *Azotobacter vinelandii; ALCF, azospirillum lipoferum* + half dose of NP fertilizers; AVCF, *Azotobacter vinelandii* + half dose of NP fertilizers

Seed yield and seed oil contents were notably increased by all the treatments as compared to the control (Fig. [2](#Fig2){ref-type="fig"}b and c). However, maximum significant increase (79%) in seed yield was resulted by ALCF treatment (Fig. [2](#Fig2){ref-type="fig"}b). Maximum seed oil content (39.40%) was recorded in AVCF treatment followed by ALCF treatment (Fig. [2](#Fig2){ref-type="fig"}c) as compared to the control. However, the effect of rest of the treatments viz. *A. lipoferum* (AL), *A. vinelandii* (AV) and CFH on seed oil content was significantly higher as compared to the control.

Effect of *A. lipoferum, A. vinelandii* and NP fertilizers on fatty acids of sesame oil {#Sec5}
---------------------------------------------------------------------------------------

The results in Fig. [3](#Fig3){ref-type="fig"}a-d indicated that treatments ALCF and AVCF were highly effective in altering the relative proportion of major fatty acids of sesame oil. The treatments ALCF exhibited significantly lower palmitic acid (C 16:0) and stearic acid content over the control (Fig. [3](#Fig3){ref-type="fig"}a and b). The AVCF treatment showed non-significant difference in palmitic and stearic acid (C18:0) content as compared to the control (Fig. [3](#Fig3){ref-type="fig"}a and b). Fig. 3Effect of *Azospirillum lipoferum*, *Azotobacter vinelandii* and NP fertilizers on (**a**) palmitic acid, **b** stearic acid, **c** oleic acid and (**d**) linoleic acid in Sesame. Means with atleast one common letter are not significantly different at the *P* \< 0.05. LSD values for palmitic acid (0.3439); stearic acid (0.4526); oleic acid (0.9118) and linoleic acid (0.6060). Detail of treatments as described below. C, Control; CFH, half dose of NP fertilizers; AL, *Azospirillum lipoferum*; AV, *Azotobacter vinelandii; ALCF, azospirillum lipoferum* + half dose of NP fertilizers; AVCF, *Azotobacter vinelandii* + half dose of NP fertilizers.

Maximum increase (6%) in oleic acid contents (C18:1) was recorded by ALCF treatment followed by AL treatment as compared to the control (Fig. [3](#Fig3){ref-type="fig"}c). Significantly higher increase (7%) in linoleic acid (C18:2) was also observed in ALCF treatment as compared to the control (Fig. [3](#Fig3){ref-type="fig"}d). However, a reduction in linoleic acid was recorded in the treatment *A. vinelandii* (AV) applied without fertilizer.

Effect of *A. lipoferum, A. vinelandii* and NP fertilizers on iodine value, saponification number acid value and free fatty acid contents {#Sec6}
-----------------------------------------------------------------------------------------------------------------------------------------

Results showed that maximum reduction in iodine value and saponification number was recorded by *A. lipoferum* (AL) when applied alone (Fig. [4](#Fig4){ref-type="fig"}a and b), however, this decrease was not significant as compared to the control. Rest of the treatments showed increase in both the parameters over the control. All the treatments showed reduction in acid value, however, maximum significant reduction in acid value (42%) was recorded in the oil of ALCF treatment as compared to the control (Fig. [4](#Fig4){ref-type="fig"}c). Fig. 4Effect of *Azospirillum lipoferum*, *Azotobacter vinelandii* and NP fertilizers on (**a**) iodine value, **b** saponification number, **c** acid value and (**d**) free fatty acid and in Sesame. Means with at least one common letter are not significantly different at the *P* \< 0.05. LSD values for iodine value (4.5327), saponification number (5.1052), acid value (0.5803) and free fatty acid (0.2919). Detail of treatments as described below. C, Control; CFH, half dose of NP fertilizers; AL, *Azospirillum lipoferum*; AV, *Azotobacter vinelandii; ALCF, azospirillum lipoferum* + half dose of NP fertilizers; AVCF, *Azotobacter vinelandii* + half dose of NP fertilizers

Free fatty acid contents were significantly reduced by all the treatments, however, maximum reduction (50 and 29%) was recorded by ALCF followed by AVCF treatments respectively over the control (Fig. [4](#Fig4){ref-type="fig"}d). Rest of the treatments also significantly reduced the free fatty acid contents as compared to the control.

Discussion {#Sec7}
==========

Beneficial effects of *A. lipoferum* inoculation in combination with half dose of NP fertilizers (ALCF) on increased chlorophyll and protein contents might be due to the increased supply of nitrogen to the developing tissue and organs. The nitrogen fertilizers improved the chlorophyll contents of a plant and it was easily observed by the dark green color of the plant \[[@CR14], [@CR15]\]. *A. lipoferum* is a nitrogen fixer which can provide the increased amount of nitrogen which might enhanced the production of amino acid and ultimately lead to the increase in protein contents. Shakeri et al. \[[@CR9]\] reported that application of nitrogen fertilizers and nitrogen fixing rhizobacteria significantly improved the protein content in sesame. It has been reported that inoculation of oil palm plants with *A. lipoferum* significantly improved the chlorophyll content \[[@CR16]\] and these findings are in line with our results except that of tested strains enhanced yield and oil quality along with the half dose of nitrogen as well as phosphorous fertilizer. *Azospirillum* is a N~2~-fixing organism and assist in increasing nitrogen metabolism and leaf protein content. Similar observations were reported by Haroun and Hussein \[[@CR17]\] in *Lupinus* seedling that biofertilizers enhanced the relative protein concentration. The increase in plant height was more pronounced in ALCF treatment. Increase in leaf chlorophyll contents leads to increase level of photosynthesis which is correlated with increased amount of carbohydrates production, which ultimately leads to the increase in growth components of the plant in the form of plant height and number of branches per plant and ultimately seed yield (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}). There is a positive correlation between leaf chlorophyll contents and other agronomic and seed yield traits (plant height and number of branches plant^− 1^, no. of capsules branch^− 1^) at *P* \< 0.001 (Table [2](#Tab2){ref-type="table"}). Similarly, phosphate fertilizers increased the cell division rate and other metabolic activities and leads to increase growth of plant. Similar findings were reported by Chandrasekar et al. \[[@CR18]\] that the combined application of biofertilizers and agro-fertilizers significantly improved the plant height in sesame and the seed yield of *Echinochloa frumentacea*. Increase in no. of branches, no. of capsules per branch and seeds per capsule lead towards overall increase in seed yield and a positive correlation is shown in Table [2](#Tab2){ref-type="table"} at *P* \< 0.001. Shakeri et al. \[[@CR9]\] reported that application of PGPR increased the yield and yield components in sesame. It was reported in a study that about 70% of total nitrogen requirement of the host plant was supplied by the application of *Azospirillum* and other rhizospheric bacteria \[[@CR19]\] which leads to increase in yield of the crop. Likewise, Soleimanzadeh et al. \[[@CR20]\] reported that PGPR use the important mechanism of plant growth substances production, which leads towards the increased development and growth of plant. In the current study, maximum increase in seed oil contents was resulted in AVCF and it is according to the previous study that *A. vinelandii* improved the seed oil content as compared to the control and agrochemical \[[@CR12]\]. The increase in oil contents leads to the increase in net yield of oil which is an important parameter from improved oil quantity perspectives. Similar findings were reported by Nosheen et al. \[[@CR12]\] that the improvement in oil content of seed was recorded in *Azotobacter* treatment in canola which is in corroboration of the current results. *A. vinelandii* alone (AV) and ALCF treatment increased iodine value. However, there must be a limit in increase in this parameter because the increase in iodine up to an optimum limit produced bad quality oil with perspective to edible point of view as it causes the oxidation instability of the oil. The ALCF as well as AVCF were highly effective in altering the fatty acid composition and improving the quality of sesame oil. In the current study, palmitic and stearic acid (saturated fatty acids) were increased by AVCF while ALCF significantly increased the oleic and linoleic acid (unsaturated fatty acids) contents of sesame seed. Shehata and El-Khawas \[[@CR21]\] reported that application of biofertilizers on sunflower resulted in alteration in the composition of fatty acid. Similarly, Nosheen et al. \[[@CR12]\] reported that inoculation of canola with *Azotobacter* and *Azospirillum* increased the oleic acid and linolenic acid contents which are in agreement of our findings. Sharifi et al. \[[@CR22]\] reported that there is a reverse relationship between saturated and unsaturated fatty acid, and the similar trends is shown in our study, the treatments which increased the saturated fatty acid leads toward decrease in unsaturated fatty acid and vice versa. Significant negative correlation (*r* = − 0.4542, *r* = − 0.2818) between the saturated and unsaturated fatty acid has been shown in Table [2](#Tab2){ref-type="table"}. Similarly, it has been evident from a previous study that *Azospirillum brasilense-*ACP-transformation in brassica resulted in prime increased in oleic acid (C18:1) and linoleic acid (C18:2) with parallel decrease in other fatty acids. Acyl carrier protein (ACP) regulates the production of fatty acids in the plant and bacteria \[[@CR23]\] which perform specific functions, therefore, regulation of ACP for specific fatty acid might be the reason of increase production of oleic and linoleic acid as compared to palmitic and stearic acid. As we know that oleic acid is an important fatty acid for good quality edible oil production as its increased production is important to create a balance between saturated and unsaturated fatty acid. Moreover, it is also reported that oleic acid might be responsible for the hypotensive (blood pressure reducing) effects of oil \[[@CR24]\]. Similarly, Perdomo et al. \[[@CR25]\] reported the importance of oleic acid at cardiovascular level. He described that the oleic acid has a beneficial effect as compared to saturated fatty acids at cardiovascular level. Consequently, the improvement in endothelial dysfunction, inflammation, protection against resistance of cardiovascular insulin and reduction in proliferation and apoptosis in VSMCs (vascular smooth muscle cells) that may contribute to an ameliorated atherosclerotic process and its stability are due to oleic acid. The biofertilizers in combination with NP fertilizers decreased the content of saturated fatty acids and hence may be implicated to improve properties of sesame oil. Shakeri et al. \[[@CR9]\] reported that application of PGPR and half dose of nitrogen fertilizers decreased the saturated fatty acid and increased the unsaturated fatty acid which are in accordance of our results in which Azospirillum in combination with half dose of NP fertilizers increased unsaturated fatty acid over saturated fatty acid contents as compared to other treatments. Abeer et al. \[[@CR26]\] reported that improved root, shoot growth, phospholipid fraction, lipid content, photosynthetic pigments and increased fatty acids contents in *Indian bassia* plant leaves were recorded by the application of *B. subtilis* which are in accordance to the current findings. Similarly, Jha et al. \[[@CR23]\] reported that transformation of *Azospirillum lipoferum* ACP and its functional expression in *Brassica juncea* improved the fatty acid profile predominantly C18:1 fatty acid, it shows that *Azospirillum lipoferum* has capability to alter the fatty acid composition and improve the concentration of oleic acid. Fig. 5Regression analysis between leaf chlorophyll contents and plant height, no. of branches/plant, no. of capsules, seed oil contents Fig. 6Regression analysis between leaf chlorophyll contents and seed yield Table 2Pearson correlation coefficient for all parametersAcid ValueNo. of Branches /plantNo. of Capsules /branchLeaf ChlorophyllFree Fatty AcidIodine valueLinoleic acidOleic acidPalmitic acidPlant heightLeaf ProteinSaponific-ation numberSeed yieldStearic acidNo. of Branches /plant−0.7803\*\*\*0.0000No. of Capsules /branch−0.6051\*\*\*0.00010.6920\*\*\*0.0000Leaf Chlorophyll−0.8427\*\*\*0.00000.8847\*\*\*0.00000.7214\*\*0.0000Free Fatty Acid1.0000\*\*\*0.0000−0.7803\*\*\*0.0000−0.6051\*\*\*0.0001− 0.8427\*\*\*0.0000Iodine value−0.11470.50550.26390.11990.00710.96710.00920.9576−0.11470.5055Linoleic acid−0.7466\*\*\*0.00000.6521\*\*\*0.00000.4618\*0.00460.7833\*\*\*0.0000−0.7466\*\*\*0.0000−0.09830.5686Oleic acid−0.5924\*\*\*0.00010.5974\*\*\*0.00010.4755\*0.00340.6378\*\*\*0.0000−0.5924\*\*\*0.0001−0.00230.98930.7581\*\*\*0.0000Palmitic acid0.5678\*\*0.0003−0.4336\*0.0082−0.4468\*0.0063− 0.4229\*0.01020.5678\*\*\*0.0003− 0.24080.1572−0.4281\*0.0092− 0.4542− 0.4542Plant height−0.7904\*\*\*0.00000.9037\*\*\*0.00000.7813\*\*\*0.00000.8362\*\*\*0.0000−0.7904\*\*\*0.00000.23530.16710.5069\*\*\*0.00160.4730\*0.0036−0.4890\*0.0025Leaf Protein−0.7637\*\*\*0.00000.8820\*\*\*0.00000.8497\*\*\*0.00000.8202\*\*\*0.0000−0.7637\*\*\*0.00000.19780.24740.6587\*\*\*0.00000.7158\*\*\*0.0000−0.5843\*\*\*0.00020.8935\*\*\*0.0000Saponification number0.10490.54280.10660.53620.16410.3389−0.16260.34350.10490.54280.19420.2564−0.29360.0822−0.07070.68180.01820.91600.18890.26980.21220.2141Seed yield−0.7118\*\*\*0.00000.8523\*\*\*0.00000.8381\*\*\*0.00000.7822\*\*\*0.0000−0.7118\*\*\*0.00000.18120.29030.6058\*\*\*0.00010.6156\*\*\*0.0001−0.4778\*0.00320.8772\*\*\*0.00000.9237\*\*\*0.00000.18520.2795Stearic acid0.5250\*\*\*0.0010−0.5722\*\*\*0.0003−0.5272\*\*\*0.0010− 0.4574\*\*\*0.00500.5250\*\*\*0.0010− 0.27010.1111−0.3272\*0.0514− 0.28180.09580.4918\*0.0023− 0.5570\*\*\*0.0004−0.6273\*\*\*0.0000− 0.24040.1579−0.4719\*0.0037Seed oil contents−0.3200\*0.05710.4812\*0.00300.4858\*0.00270.4912\*0.0023−0.3200\*0.0571−0.37480.02430.26440.11910.16850.32580.03930.81980.4435\*0.00670.42310.01010.20930.22060.4249\*0.0098−0.24070.1573Means labelled with \*\*\* showed a significant correlation at *P* ≤ 0.001, with \*\* at *P* ≤ 0.01, and with \* at *P* ≤ 0.05

Increased acid value and free fatty acid contents cause oxidation of oil. Lower acid values are favorable for good quality edible oil production. In the current study, *Azospirillum* with half dose of NP fertilizers significantly lowered the acid value as compared to the control and other treatments, however, the mechanism of alteration in oil quality by PGPR is not completely explored yet. These results are in parallel to that of Abd El-Gawad et al. \[[@CR27]\] who reported that *Azotobacter chroococcum and Bacillus megaterium* reduced the acid value and peroxide value of canola when compared to that of untreated control. Decrease in acid value might be due to the production of phytohormone by PGPR as Ullah et al. \[[@CR28]\] reported that application of cytokinin decreased the acid value of safflower oil. Omer and Abd-Elnaby \[[@CR29]\] reported that application of biofertilizers in interaction with foliar application of KCl improved the yield, seed oil contents and seed chemical constituents of sesame. The rhizobacteria strains *Azospirilum* and *Azotobacter* are ideal candidate for development of bioformulation for the sesamum plant. However, their compatibility and synergistic efficacy with other microbes like AM fungi need to be tested under diverse ecological conditions.

Conclusion {#Sec8}
==========

The treatment ALCF was highly effective in improving yield and quality of sesame oil in term of increase in oleic acid contents and other quality traits as compared to other treatments which are important findings of the study. Furthermore, the application of ALCF and AVCF also reduced the use of NP fertilizers to about 30--50% which was the aim of the study. Therefore, it can be concluded that application of ALCF treatment not only reduced the amount of chemical fertilizer but also improved growth, yield and quality of sesame oil with perspective to edible oil production and can be suggested as best treatment. However, further molecular approaches are needed to confirm these finding and to explore the mechanism which are involved in altering the physiology and fatty acid composition of sesame.

Methods {#Sec9}
=======

The field experiments were conducted at the fields of Quaid-i-Azam University Islamabad during the months of July to October of two consecutive years 2012--2013. Weather data of both the years (2012 and 2013) has been given in Additional file [2](#MOESM2){ref-type="media"}: Table S2.

Field plots measuring 3 × 3 m^2^ comprised of three replications for each treatment arranged in a randomized complete block design (RCBD). Seeds of sesame (*Sesamum indicum* L.) cultivar TS-3, were obtained from NARC (National Agricultural Research Center) Islamabad. Seeds were sterilized with 95% ethanol and 0.1% mercuric chloride (HgCl~2~), afterwards washed with sterile water.

The PGPR strains *A. lipoferum* (Accession no.GQ255949) was isolated from the rhizosphere of maize and *A. vinelandii* Khsr1 (Accession no. GQ849485) was screened from the root of *Chrysopogon aucheri* in the previous study \[[@CR30]\].

Treatments {#Sec10}
----------

Following treatments were used: C: control, CFH: (Half dose of the recommended chemical fertilizers (urea 25 kg/ha + Diammonium Phosphate 30 kg/ha), AL: (*Azospirillum lipoferum*), AV: (*Azotobacter vinelandii), ALCF (azospirillum lipoferum* + urea (25 kg/ha as half dose) + Diammonium Phosphate (30 kg/ha as half dose), AVCF (*Azotobacter vinelandii* + urea (25 kg/ha as half dose) + Diammonium Phosphate (30 kg/ha as half dose).

The *A. lipoferum* and *A. vinelandii* were applied (10^8^ cfu/mL) as seed inoculation \[[@CR31]\]. For the preparation of inoculum, Luria Bertani media (LB) was used for the inoculation of both bacterial strains (24 h old cultures) in order to prepare the broth culture. After shaking at 24 °C for 72 h, the centrifugation was carried out for 10 min at 10,000 rpm and pellet was collected. The supernatant was castoff and pellet were diluted up to 100 mL with autoclaved water in order to get the optical density one at 600 nm. Already sterilized seed were then soaked in the bacterial culture for 6 hours and sowing was carried out. Cell free supernatant was used in control treatment.

Application of fertilizers as half dose of DAP was carried out at the time of sowing while half dose of urea was applied at an interval of 40 days into three equal parts. The irrigations were applied as required.

Sampling of leaf for the chlorophyll and protein contents was carried out during vegetative stage of the plant. However, the agronomic data (plant height, number of branches plant^− 1^, number of capsule branch^− 1^, and seed yield) was collected at crop maturity. About 10--15 plants per replications were sampled and observed for each parameter except the yield, for which whole plants were harvested, crushed and weighed.

Determination of leaf chlorophyll content {#Sec11}
-----------------------------------------

Leaf chlorophyll content was determined according to the method of Hiscox and Israelstam \[[@CR32]\] using Dimethyl Sulfoxide (DMSO). Small leaf discs were extracted in DMSO at 65 °C until the leaf discs became completely colourless. Absorbance of chlorophyll extracted in DMSO was measured at 665 and 645 nm with spectrophotometer (Hitachi U-1500).

Determination of leaf soluble protein content {#Sec12}
---------------------------------------------

Protein content of the leaves was determined following the method of Lowry et al. \[[@CR33]\]. Grinding of fresh leaves (0.1 g) were made in phosphate buffer of 7.5 pH (1 mL) using a pestle and mortar. Ground samples were centrifuged at 3000 rpm at 4 °C for 10 min and supernatant (0.1 mL) was collected. Alkaline copper sulphate reagent was added to supernatant in 1:1 ratio and was shaken for 10 min before adding Folin's reagent (0.1 mL). After 30 min, the absorbance was recorded at 650 nm for each sample. The concentration of protein was calculated by standard curve made from different concentrations of Bovin Serum Albumin (BSA) as a reference.

Estimation of seed oil content {#Sec13}
------------------------------

Seed oil content was estimated by Nuclear Magnetic Resonance spectroscopy (NMR, Oxford Analytical, UK, New Port 4000) according to Robertson and Morrison \[[@CR34]\]. Nuclear magnetic resonance spectroscopy is a non-destructive method for the determination of seed oil contents which is based on the absorption of energy by an atomic nucleus changing its spin orientation in the magnetic field.

Oil extraction {#Sec14}
--------------

Oil from sesame seed was extracted using n-hexane as solvent at 60 °C for 6 h with the help of Soxhlet apparatus according to the AOCS Ag 1--65 method \[[@CR35]\].

Fatty acids analysis {#Sec15}
--------------------

For quantification of fatty acids, the AOCS standard method Ce 2--66 \[[@CR36]\] was used for the preparation of fatty acid methyl esters (FAME). The analyses of FAME (0.5 mL) was carried out in a gas chromatograph (Shimadzu QP 5050) having a fused silica capillary column (MN FFAP (50 m \_ 0.32 mm i.d. film thickness 0.25 mm) and flame ionizing detector (FID). The gas used as a carrier was Helium and the temperature of the column was maintained at 110 °C for 0.5 min and then heated to 200 °C at 10 °C/min, then maintained for 10 min. Injector and detector temperatures were set at 220 °C and 250 °C, respectively \[[@CR37]\].

Estimation of iodine value {#Sec16}
--------------------------

Estimation of iodine value of sesame oil was carried out according to the method recommended by AOAC \[[@CR38]\]. Oil sample (0.2 g) was taken in 100 mL glass stoppered bottle and dissolved in 15 mL of carbon tetrachloride solution. After addition of 25 mL Wij's reagent the contents, the flask was kept on standing at 25 °C for 2 h in dark and then 20 mL of potassium iodide (10% w/v) was added and titrated with sodium thiosulphate (0.2 N) using starch as indicator. A blank was prepared in the similar manner and iodine value was calculated.

Determination of acid value {#Sec17}
---------------------------

Acid value of sesame oil was determined using the method of Cox and Pearson \[[@CR39]\]. Oil sample (0.2 g) was dissolved in 2.5 mL of ethanol:diethylether in the ratio of 1:1 and titrated with NaOH \[0.1 N\]. Phenolphthalein was used as indicator and acid value was calculated.

Determination of free fatty acid {#Sec18}
--------------------------------

Free fatty acid of sesame oil samples was calculated by multiplying the acid value with 0.503 factor. The formula is given as % Free Fatty Acid = 0.503 × acid value.

Determination of saponification value {#Sec19}
-------------------------------------

Saponification value was estimated according to the method of Pearson \[[@CR40]\]. Oil sample (1 g) was taken in a flask and 12.5 mL of ethanolic potassium hydroxide was added and then heated for 30 min in boiling water and titrated against 0.5 N hydrochloric acid (HCl) using phenolphthalein (1% v/v) as indicator. A blank determination was also accomplished under similar condition and saponification value was calculated.

Determination of specific gravity {#Sec20}
---------------------------------

Specific gravity was determined according to the method of AOAC \[[@CR41]\].

Statistical analysis {#Sec21}
--------------------

Data was analyzed by Analysis of Variance (ANOVA) using Statistix software version 8.1 and mean values were compared by least significant difference (LSD) at *P* \< 0.05 according to Steel and Torrie \[[@CR42]\]. Graphical representation of the data was carried out by OriginPro 2016 (OriginLab, Northampton, MA).

Supplementary information
=========================

 {#Sec22}

**Additional file 1: Table S1.** Analysis of variance (ANOVA). **Additional file 2: Table S2.** Weather data of both years (2012 and 2013) of the experiment.

ACP

:   Acyl carrier protein

AL

:   *Azospirillum lipoferum*

ALCF

:   *Azospirillum lipoferum* + Half dose of chemical fertilizers

ANOVA

:   Analysis of Variance

AOAC

:   Association of Official Analytical Chemists

AOCS

:   American oil chemist's society

AV

:   *Azotobacter vinelandii*

AVCF

:   *Azotobacter vinelandii* + Half dose of chemical fertilizers

BSA

:   Bovin serum albumin

C

:   Control

CFH

:   Half dose of chemical fertilizers

DAP

:   Diammonium Phosphate

DMSO

:   Dimethyl Sulfoxide

FAMES

:   Fatty acid methyl esters

*FFAP*

:   Free fatty acid phase

FID

:   Flam ionization detector

g

:   gram

HCl

:   Hydrochloric acid

LSD

:   Least significant difference

mL

:   milliliter

N

:   Nitrogen

NaOH

:   Sodium hydroxide

NARC

:   National Agricultural Research Center

NMR

:   Nuclear magnetic resonance spectroscopy

NP

:   Nitrogen phosphorus

PGPR

:   Plant Growth Promoting Rhizobacteria

RCBD

:   Randomized complete block design

VSMCs

:   Vascular smooth muscle cells
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